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Abstract 
The reduction of the heat leak from the terminal is one of important issues to realize the applications of superconductivity, and the 
Peltier current lead (PCL) has been developed until now. The reduction of the PCL as compared with the usual copper lead is 
almost 40%, however the reduction of heat leak is still required to improve the total efficiency of the superconducting system. 
Therefore, we estimate the performance of the multi-stage current lead (MCL) and propose a gas-cooled MCL in this paper. The 
principle of the MCL depends on that the COP of the refrigerator is higher in a high temperature, and the resistivity of the copper is 
lower at lower temperature. But MCL was not tested experimentally until now. Fortunately, the COP of the various kinds of the 
refrigerators has been improved recently. The preliminary estimation of the MCL and the gas-cooled MCL shows that the saving 
power is high as 50% to 70%, depending of the assumption of the refrigerator COP. Therefore, it is a good time to examine the 
concept of MCL experimentally. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
The heat leak from the terminal is one of major losses in many superconducting systems. For example, we assume 
the specifications of the DC power transmission as below, 
1) Heat leak of the copper lead is ~ 50W/kA at one terminal, 
2) Length of the DC superconducting power transmission line is 500 meter, 
3) Heat leak of the cryogenic pipe is 1W/m, 
4) Current is 10 kA, 
5) Other heat leak and heat load can be neglected because of no AC losses. 
The heat leak of the cryogenic pipe is 500m  1W/m = 500W, and the heat leak at the terminal is 10kA  50W/kA 
 4 = 2000W. Since we will be not able to construct a long transmission line at the first stage because of many reasons 
[1, 2], and if we cannot reduce the heat leak at the terminal, the competitiveness of the DC superconducting power 
transmission line is weak for the copper cable. Therefore, if we can reduce the heat leak at the terminal, it is effective 
that DC superconducting power transmission will become common infrastructure in the world.  
Moreover, if we consider the system of the superconducting magnets, the heat leak at the terminal is 90% or higher, 
especially high for the cryogen-free superconducting magnet. Therefore, if we can reduce the heat leak at the terminal, 
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we can use a small refrigerator system to cool down the superconducting system including the superconducting motors. 
However, the reduction of the heat leak at the terminal is limited and not easy because we must find the materials that 
can pass through the electric current but should prevent to pass the heat flux, and/or we must find a new mechanism to 
save the electric power of the refrigerators. The Peltier current lead (PCL) [3, 4, 5] has been proposed to reduce the 
heat leak at the terminal in National Institute for Fusion Science (NIFS). After one of authors SY moved to Chubu 
University, the experiment of the PCL was started and we demonstrated the effectiveness of the PCL [6, 7]. The 
principle of the PCL depends on the thermoelectric effect. The performance of the PCL depends on the figure of merit 
and the parameters of Peltier material [8], and the heat leak of the PCL is ~26W/kA in the present materials. 
In order to reduce the heat leak much more, we propose a new scheme of the current lead system in this paper. 
This is called the multi-stage current leads (MCL) [9]. The heat leaks of the MCLs are calculated by the one-
dimensional numerical software [4, 5], and estimate the electric power consumption of the refrigerators by assuming 
the COPs of the refrigerators. And we also propose the gas-cooled MCL in the paper, and estimate the performance of 
the gas-cooled MCL. 
2. Multi-stage current lead 
The current lead is optimized to minimize the heat leak at terminal for the copper lead [10, 11]. The heat leak flux 
and temperature profile are calculated to solve the equation given as below, 
 
dQ / dx  fmCPdT / dx +I 2 / S = 0   (1) 
 
where Q is heat flux as Q = =dT / dx , T is temperature, x is the coordinate along the current lead,  is thermal 
conductivity, I is current,  is electrical resistivity, S is cross-section of current lead, f is efficiency of heat transfer 
between gas and current lead, m is mass flow rate of gas, CP is specific heat of constant pressure, and the boundary 
conditions of the Equations are set as 
 
T
x=0
= 77K,T
x=1
= 300K   (2)
 
 The heat leak of the current lead depends on the cross-section and length of the current lead, and in order to 
minimize the heat leak, we must find the shape of the current lead to solve the Equation (1) to find the optimum cross-
section and length ratio. The heat flux per unit current (kA) profile for the temperature is shown in Fig. 1 (a). The heat 
leak at 77K is 42.5W/kA. The heat flux is zero at 300K, and it increase quickly around the room temperature (RT) side 
because the electrical resistivity of copper is high in high temperature. The heat flux is 42.5W/kA at 77K, and it is 
40.7W/kA at 123K and 35.2W/kA at 188K, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Profile of heat flux per current (kilo-ampere) for temperature of current lead for the ratio of length and cross-section = 
35960m
-1
; (b) Schematic structure of the multi-stage current lead (MCL). Two refrigerators are used to keep the temperatures of 
77K and 188K. 
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The ratio of the length and cross-section of the current lead is optimized to be 35960m
-1
 for the current of 100A 
and the copper lead. Therefore, it was proposed that the thermal anchor was installed into the current lead, and the 
different refrigerator was also installed to keep the temperature of the thermal anchor [9]. The configuration of the 
proposed current lead is shown in Fig. 1 (b), and it is called MCL.  
The temperature of the thermal anchor is 188K in Fig. 2, and we must prepare two different refrigerators, one is a 
77K refrigerator (Ref. 1) and the other is the 188K-refrigerator (Ref. 2). The total amount of the heat load to two 
refrigerators is the same as that of one refrigerator system at 77K, and it is 35.2 W/kA for Ref. 2 and 7.3W/kA for Ref. 
1, those are obtained from Fig. 1(a). However, the COP of refrigerator is higher in high temperature, and we can 
assume that the COP of Ref. 1 is 0.067 and it is ~ 0.5 for Ref. 2’s. Therefore, the total electric power consumption of 
two refrigerators is 7.3/0.067 + 35.2/0.5 = 179.4W/kA. On the other hands, the original one refrigerator system 
consumes 42.5/0.067 = 634.3W/kA. Therefore, we can save the electric power of 454.9W/kA, and it corresponds to 
71.7% basically. The saving power depends on the COP of refrigerator and its anchor temperature fundamentally. 
Because of the engineering points of view, we should find the correct refrigerators for the multi-stage current lead 
actually, and we will realize the experimental device along the estimation of the saving power. 
3. Multi-stage and gas-cooled current lead 
We use the coolant gas to reduce the heat leak of the current lead [10], and this system is called the gas-cooled 
current lead. It is one of the great inventions in applied superconductivity, and we can apply this idea to the MCL. 
Figure 3 shows a proposal of the gas-cooled MCL. The gas is circulated inside the parts of the current lead and the 
refrigerator. The temperature of the thermal anchor is 123K in Fig. 2 (a), and the cold gas is supplied to keep the 
temperature at the 123K from the Ref. 2. The gas goes up to the RT side of the current lead, and goes out from the 
current lead, and finally goes back to the Ref. 2 in Fig. 2 (a). Therefore, the current lead is the heat exchanger, but a 
part of the current lead below 123K is not cooled by the gas. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Schematic structure of the gas-cooled and multi-stage current lead (gas-cooled MCL). Two refrigerators are used to keep 
the temperatures of 77K and 123K; (b) Heat flux profile of gas-cooled MCL for temperature. The temperature of thermal anchor is 
123K, and the heat load is 20.8W/kA at 123K and 1.8W/kA at 77K 
Since the cold gas can cool the current lead by the heat exchange process, the heat flux from the RT side to the 
thermal anchor is reduced. Therefore, the heat load of the Ref. 2 is reduced, and finally the electric power consumption 
of the Ref. 2 can be low. The heat flux profile is obtained to solve Eq. (1), but the boundary condition is difference 
from Eq. (2), and shown in Fig. 2 (b). Since we use the thermal anchor, the heat flux is zero at the cold side of the 
thermal anchor in the current lead, on the other hand, the heat flux at the warm side of the thermal anchor is 20.8W/kA. 
Therefore, the heat flux is not continuous profile. The heat leak to the 77K system is 1.8W/kA, and this value is 
integrated heat flux from 123K to 77K, that is estimated from Fig. 1 (a). 
The material of the current lead is copper, and the calculation conditions are that the coolant gas is nitrogen, and 
the term fm in Eq. (1) is 10.0g/min at the gas pressure of 0.1MPa [12]. The term fm in Eq. (1) is not free parameter in 
an usual gas-cooled current lead because the mass flow rate is determined by the vaporization of the coolant by the 
heat leak at the cold end of the current lead, and/or the heat load of the cryostat of the current lead. Moreover, we 
should pay attention to keep the quantity of the coolant if the coolant gas goes out from the cryostat because the 
coolant gas goes out from the cryostat through the current lead. However, the term fm is a free parameter in a proposed 
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scheme because it is circulated. Therefore, we can set the value of fm by the additional condition of the system, such 
as the refrigerator operation, the magnitude of current and so on. If the COP of the 123K-refrigerator is 0.228, and we 
use the same refrigerator of 77K, the total electric power consumption of the system is 20.8W/kA / 0.228 + 1.8W/kA / 
0.067 = 118.1W/kA. This is only 18.6% of the one refrigerator system. 
4. Discussion and future perspectives 
The assumptions of the refrigerator’s COP and its performance depend on the discussion with several persons who 
work for refrigerator manufacturing company, and therefore it is a realistic estimation. Since the calculation results of 
the MCL and the gas-cooled MCL are attractive, it is important that its concept works well to realize high performance 
superconducting system because the saving power is high. Usually the maximum COP is given by the constant 
operation of the refrigerator, but we should consider the actual operation of the superconducting system that is not 
always operated constantly. Therefore, we should test the concepts experimentally. 
PCL can save electric power, but it is effective to apply the DC system because when the direction of current is 
reversed, the direction of Peltier heat flux is reversed, and the heat leak is enhanced in this case. However, the MCL 
and the gas-cooled MCL can be applied to not only DC system but also AC system because the physical process of the 
MCL does not depend on the direction of the current. The multi-stage PCL was also evaluated [13] because the multi-
stage Peltier element is already used for several purposes in commercially. But the meaning of “multi-stage” in PCL is 
different from the MCL’s in the paper. Since the principle of the heat leak reduction in MCL is different process of the 
PCL, we can use both of two processes to reduce the heat leak. It means that we can propose the multi-refrigerator 
Pelteir current lead, and this is the next subject for our studies. 
Acknowledgements 
The authors also acknowledge Mrs. A. Machida and K. Yamamoto of Mayekawa Mfg. Corp. and Mrs. Y. Yamada 
and Y. Okubo of AISIN SEIKI Co., Ltd for their useful discussions on performance of refrigerators. We also thank to 
Drs. J. Minervini, L. Bromber,  M. Takayasu, Prof. B. Coppi and Dr. L. Sugiyama in Massachusetts Institute of 
Technology (MIT) for their useful and kind discussion about the multi-stage current leads. 
References 
[1] Yamaguchi S, Hamabe M, Yamamoto I, Famakinwa T, Sasaki A, Iiyoshi A, Schultz J, Minervini J, Hoshino T, Ishiguro Y, Kawamura K. 
Research acitivies of DC superconducting power transmission line in Chubu Univesity. J. Physics Conf. Series 2008;97:012290. 
[2] Yamaguchi S, Kawahara T, Hamabe M, Watanabe H, Ivanov Yu, Sun J, Iiyoshi A. Experiment of 200-meter superconducting DC cable 
system in Chubu University. Physica C 2010;471:1300-1303. 
 [3] Yamaguchi S, Takita K, Motojima O, A proposal for Peltier current lead. Proc. 16th Int. Cryogenic Eng. Conf./Int. Cryogenic Mat. Conf., 
May, 1996, pp. 1159-1162. 
[4] Okumura H, Yamaguchi S. One dimensional simulation for Peltier current leads. IEEE Trans. Appl. Supercond. 1997; 7:715-718. 
[5] Sato K, Okumura H, Yamaguchi S. Numerical calculations for Peltier current lead design. Cryogenics 2001;41:497-503. 
[6] Hamabe M, Sasaki A, Kasukabe T, Oue M, Nakamura K, Yamaguchi S, Ninomiya A, Okumura H, Kawamura Km Aoki I. Test of Peltier 
current lead for cryogenin-free superconducting magnet. IEEE Trans. Appl. Supercond. 2006;16:465-468. 
[7] Yamaguchi S, Yamaguchi T, Nakamura K, Hasegawa Y, Okumura H, Sato K. Peltier current lead experiment and their applications for 
superconducting magnets. Rev. Sci. Instruments 2004;75:207-212. 
[8] Hasegawa Y, Sato K, Okumura H, Nakamura K, Yamaguchi S, Miyake K. Reduction of heat leak in cryogenic system using Peltier current 
leads. Cryogenics 2002;42;495-500. 
[9] Bromberg, L., Michael, P.C., Minervini, J.V. and Miles, C. Current Lead Optimization for Cryogenic Operation at Intermediate 
Temperatures. AIP Conference Proceedings 2010;1218:577-584. 
[10] Wilson M. N. Superconducting Magnets Oxford, Oxford University Press, 1983. 
[11] McFee, R., Optimum Input Leads for Cryogenic Apparatus, Rev. Sci. Instruments 1959;30:98–102. 
[12] Kawahara T, Fujii T, Emoto M, Hamabe M, Sun J, Watanabe H, Yamaguchi S, Estimation for the performance of superconducting DC 
transmission lines with cryogenic improvements. Physica C 2010;470:S1011-S1012. 
[13] Yamaguchi T, Okumura H, Nakamura K, Yamaguchi S. Multi-stage Peltier current lead system for liquid helium free magnets. IEEE Trans. 
Appl. Supercond. 2003;13:1914-1917. 
